The reversible folding of deca-alanine is chosen as a test case for characterizing a method that uses an adaptive biasing force ͑ABF͒ to escape from the minima and overcome the barriers of the free-energy landscape. This approach relies on the continuous estimation of a biasing force that yields a Hamiltonian in which no average force is exerted along the ordering parameter . Optimizing the parameters that control how the ABF is applied, the method is shown to be extremely effective when a nonequivocal ordering parameter can be defined to explore the folding pathway of the peptide. Starting from a ␤-turn motif and restraining to a region of the conformational space that extends from the ␣-helical state to an ensemble of extended structures, the ABF scheme is successful in folding the peptide chain into a compact ␣ helix. Sampling of this conformation is, however, marginal when the range of values embraces arrangements of greater compactness, hence demonstrating the inherent limitations of free-energy methods when ambiguous ordering parameters are utilized.
INTRODUCTION
Capturing the underlying mechanisms that drive protein folding remains one of the holy grails of modern theoretical biophysics. In most circumstances, the sequence of amino acids forming the protein contains all the necessary information to determine the unique, compact structure of the chain under a given physiological condition. The understanding of the paths that lead to this native, generally biologically active structure is, however, still fragmentary. Over the past years, two classes of theoretical approaches have been employed for tackling the protein folding problem.
In the first one, an all-atom representation of the protein and its environment is used in conjunction with an empirically based potential-energy function to evaluate the intraand intermolecular forces acting on the system. This description is often associated with a molecular-dynamics ͑MD͒ scheme for exploring the rugged conformational space of the solvated protein.
An interesting alternative to the detailed all-atom approach consists in turning to somewhat rougher models that, nevertheless, retain the fundamental characteristics of a protein chain. In the so-called coarse-grained models, each amino acid of the protein is represented by a bead located at the vertex of a two-or a three-dimensional lattice. 1 Beads are moved on the lattice following a number of well-defined rules that can be implemented, for instance, in a Monte Carlo scheme.
By and large, all-atom MD simulations that include an explicit solvent rarely exceed a few hundreds of nanosecond 2 due to the substantial computational effort involved. Yet, significantly shorter free-energy calculations using simple models can be devised to shed new light on the physical phenomena that govern folding. Among these phenomena, the subtle, temperature-dependent hydrophobic effect 3, 4 remains largely investigated to rationalize the collapse of a disordered protein chain into a correctly folded one. 5 Choosing a pertinent ordering parameter apt to describe the ab initio folding of an appreciably large protein featuring a complex tertiary structure constitutes a conundrum, to which a definitive answer in the near future is rather unlikely. This explains why free-energy calculations of folding processes that involve major conformational changes remain scarce. 6 This extremely complex problem is rooted in the plethora of degrees of freedom that vary concurrently as the protein evolves toward its native structure. Strictly speaking, the free energy is now a function of these many variables that cannot be taken into account in a straightforward fashion. Valuable thermodynamic information may, nonetheless, be extracted from model systems, for which a sensible, possibly nonambiguous ordering parameter can be designed. [7] [8] [9] [10] The rudimentary model of deca-alanine in vacuo has already served as a proof of concept 11, 12 for non-equilibrium pulling simulations associated with the Jarzynski identity. 13 A novel approach based on the application of a dynamically adaptive biasing force 14 ͑ABF͒ has been probed in the reversible unfolding of this short peptide in its ␣-helical conformation. 15 In the present contribution, exploration of the free-energy profile characterizing the folding of deca-alanine in vacuo starting from a random structure will be used as a benchmark for understanding the parameters that control the applicability of the ABF method and for further rationalizing the choice of an appropriate ordering parameter to describe complex structural changes.
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METHODOLOGY
A pivotal requirement for the construction of free-energy profiles lies in the optimally uniform sampling of the phase space along a chosen ordering parameter . 16 A novel approach has been proposed based on the continuous application of a dynamically adapted biasing force that systematically compensates the current estimate of the free energy. 14 Consequently, the roughness of the free-energy landscape is virtually erased as the system progresses along . To reach this goal, the average force acting on , ͗F ͘ , is evaluated from an unconstrained MD simulation: 15, 17 dA͑͒ d
where V͑x͒ is the potential-energy function of the system and ͉J͉ denotes the determinant of the Jacobian for the transformation from Cartesian to generalized coordinates, which is necessary, given that ͕͕x͖͖ and are not independent variables. 17 The specific form of ͉J͉ is a function of the ordering parameter chosen to advance the system.
As the MD simulation progresses, the force F acting along the ordering parameter is accrued in small bins of width ␦, thus providing an estimate of the derivative
is determined in such a way that, when applied to the system, it results in a Hamiltonian bereft of an average force exerted along . All values of are, therefore, sampled with an equal probability, which, in turn, significantly increases the accuracy of the calculated free energies. Another important consequence is that the progression of the system along is fully reversible and limited solely by its self-diffusion properties. However, it should be perfectly understood that whereas the ABF method improves sampling along the ordering parameter , its ability to supply a fully uniform probability distribution of the system over the entire range of values may be impeded by possible orthogonal degrees of freedom in the slow manifolds. As will be seen, such is not the case for the prototypical short peptide, deca-alanine, chosen here.
All simulations reported here were performed with the MD code NAMD. 18 The CHARMM27 force field 19 was used to describe the peptide. The temperature was kept at 300 K, employing Langevin dynamics. The equations of motion were integrated with a time step of 0.5 fs. Electrostatic and van der Waals interactions were truncated smoothly by means of a 12 Å spherical cutoff in conjunction with a switching function.
To explore the free-energy landscape of deca-alanine in vacuo, the ordering parameter was chosen as the distance separating the first and the last carbon atoms of the carbonyl moieties. Two classes of simulations were considered, wherein ͑i͒ the range of conformations accessible to decaalanine spanned from the unique, compact ␣ helix to an ensemble of extended structures, in which case 12ഛ ഛ 32 Å, and ͑ii͒ no lower-bound restraint was applied, thereby allowing the peptide chain to evolve freely from a very compact ␤-hairpin motif to the various extended forms. In order to probe the efficiency of the method and, hence, optimize sampling along , alternative strategies were examined based on the parameters controlling how the ABF is applied. For each set of parameters defining a given sampling strategy, ten independent 5 ns MD simulations were carried out, restraining the range of the ordering parameter to 12ഛ ഛ 32 Å. The conditions of these simulations, unless specified otherwise, involved a minimum number of samples N samples equal to 500 accrued prior to the application of F ABF , a force constant k of 100 kcal/ mol/ Å 2 to restrain sampling along , and a damping factor ␥ of 0.1 ps −1 for Langevin dynamics. They did not involve any smoothing of the biasing force. From the resulting individual profiles of the average force ͗F ͘ as a function of the ordering parameter, the mean and the standard deviation were computed. In addition, to appreciate the effect of limiting the range of accessible values of the ordering parameter, a 200 ns ABF simulation with an extended ordering parameter range, viz., 4 ഛ ഛ 32 Å, was performed. For comparison purposes, two standard MD simulations without an adaptive bias were considered-a 100 ns run with 12 ഛ ഛ 32 Å and a 150 ns run without external restraining potentials. All simulations used the same starting point, i.e., a disordered ␤-hairpin-like conformation supplemented by pseudorandom initial velocities.
RESULTS AND DISCUSSION
In nonequilibrium pulling simulations using steered MD, the starting point was an equilibrated ␣ helix. 11, 12 Likewise, in earlier ABF calculations, 15 the initial ␣-helical motif guaranteed that this conformational state would be visited at least once over the whole range of the ordering parameter. It is far from clear, however, whether starting from a random structure-here, a ␤ turn-͑i͒ the ␣ helix will be appropriately sampled and ͑ii͒ the pathway connecting the ␣-helical state to the ensemble of extended structures will be explored entirely. To fulfill the latter requirements, the strategy adopted for the application of the ABF is crucial.
Discretizing the ordering parameter
The ordering parameter is discretized in terms of finitesize bins of width ␦, in which the force acting along is accrued prior to the application of the average force. To a large extent, the choice of ␦ should be dictated by how fast the free energy varies as a function of the ordering parameter. Excessively large bins will not capture rapidly changing free-energy derivatives, but exaggeratingly narrow bins will impede the convergence of the average force and, consequently, the uniform sampling of the entire range covered by the ordering parameter. Choosing an appropriate value of ␦ is, therefore, inherently problem dependent. Here, three sets of ten distinct 5 ns simulations were carried out with ␦ = 0.1, 0.2, and 0.4 Å, accruing, respectively, N samples = 500, 1000, and 2000 prior to applying the biasing force ͓Figs.
1͑a͒-1͑c͔͒. It is worth noting that the combined choice of ␦ and N samples ensures a consistent threshold number of accrued samples per unit of .
In the prototypical case of deca-alanine, Fig. 1 suggests that, all things being equal, 0.1 Å probably constitutes the best choice. The dispersion of the free-energy profiles was small, and all simulations were able to sample the ␣-helical state as well as the ensemble of extended structures. ␦ = 0.4 Å constitutes a pathological case manifested in the systematic underestimation of the average force ͗F ͘ in the range where the ordering parameter spans from ca. 12 to 25 Å, which, roughly speaking, corresponds to the region where the ␣ helix is progressively disrupted. It would, therefore, appear that the poor description of ͗F ͘ ͓͗F ͘ varies markedly around the minimum of the ␣ helix͔ tends to impair the sampling of the conformationally relevant states of the free-energy landscape. Exploration of less-organized structures is expected to lower the free-energy barriers for compressing or extending the peptide chain. Wherever a sampling of the ordering parameter is suboptimal, similar symptoms are anticipated to be observed, as will be seen in the following sections.
Restraining sampling along the ordering parameter
To improve the efficiency of the free-energy calculation, it is sometimes desirable to break the reaction path into a number of contiguous, nonoverlapping windows, in lieu of exploring the entire range of values. Harmonic restraints are utilized to achieve this goal, with the boundaries of the windows acting as walls against which the system will bounce. In the example of deca-alanine, sampling is restrained to the region of interest encompassing the ␣-helical state and a family of extended structures. For each value of k, viz., 10, 100, and 250 kcal/ mol/ Å 2 , ten distinct 5 ns simulations were carried out ͓Figs. 2͑a͒-2͑c͔͒.
As shown in Fig. 2 , too small a force constant in the restraining potential hampers sampling and favors accumulation near the borders. Yet, the estimation of the average force ͗F ͘ in the region below 16 Å and beyond 28 Å is mediocre. This result may be rationalized by the initial erroneous estimate of the force and the impeded diffusion along for its progressive correction. By contrast, too large a force constant causes the system to bounce rapidly between the walls that delineate the range of values of interest. Moreover, k = 250 kcal/ mol/ Å 2 seems to constitute an upper bound of the force constant to guarantee the numerical stability of the MD simulation. Common to the two choices of k, the zeroaverage-force region located around 24 Å, corresponding to a sequence of contiguous turns, is poorly sampled. Exploration of the conformational space between the bounds of is envisioned to be either limited or too fast to capture subtle pseudostationary points of the free-energy landscape. The choice of k = 100 kcal/ mol/ Å 2 appears to be robust enough for a variety of systems of different complexities. 15, 20 Accruing samples before applying the average force An isolated value of F is per se thermodynamically meaningless. It represents one point in a distribution, ͑F ͒, shown to be Gaussian-type, 15, 21 the average of which, ͗F ͘ , is being used to overcome the free-energy barriers. It is, therefore, crucial that ͑F ͒, be determined with a sufficient accuracy, so that the estimate of −͗F ͘ coincides with the actual value of dA͑͒ / d. For this reason, the adaptive bias is only applied once a threshold number of force samples, referred to as N samples , has been reached in a given binalthough such samples are actually accrued dynamically throughout the ABF simulation. Here, three sets of ten distinct 5 ns simulations were carried out using N samples equal to 0, 100, and 5000 ͓Figs. 3͑a͒-3͑c͔͒. the use of steered MD for the present system, in association with the Jarzynski identity, 13 is likely to work nicely under the assumption that the peptide chain is pulled with a reasonable speed. 11, 12 In this quasi nondissipative model, nonequilibrium effects are sufficiently small, to the extent that virtually any value of F should not impair self-diffusion along . Nonequilibrium effects may be disregarded here mainly because a randomized ␤-turn conformation, far from the ␣-helical state, had been chosen as the starting point of the simulations. In in silico "pulling" experiments using the ABF method on a canonical ␣ helix, nonequilibrium effects arising from rapid disruption of i → i + 4 hydrogen bonds have been shown to be more pronounced, thereby requiring sufficiently large values of N samples to yield a uniform sampling of the ordering parameter. 15 Setting this variable to zero results in an overestimated average force. Whereas over appreciably long simulation times, uniformity in the sampling of is expected to be attained, properly chosen values of N samples ensure that the full range of the ordering parameter is explored evenly in a time-bound fashion. For a very different reason, too large a value of N samples also yields an incomplete conformational sampling along the ordering parameter. In this instance, whereas the estimate of dA͑͒ / d is relatively precise, diffusion along is impeded by the delay during which the required minimum number of samples is accumulated in each bin. Due to the limited length of the simulations, free-energy barriers are not overcome, and high-free-energy regions are hardly sampled, if at all.
By and large, deca-alanine in vacuo represents an idealistic case, only remotely connected to commonly encountered situations in condensed phases, where orthogonal degrees of freedom to the ordering parameters slow down the progression along . In such events, the application of ͗F ͘ based on an excessively small value of N samples results in an inefficient sampling of due to inaccurate initial biases.
Smoothing the average force
To enhance sampling along the ordering parameter, the ABF may be computed as a linearly weighted average over a given range, ±⌬ smooth of values, centered about the current bin of interest. This essentially corresponds to an interpolation of the average force between −⌬ smooth and +⌬ smooth . For each value of ⌬ smooth , viz., 0.1, 0.2, and 0.4 Å, ten distinct 5 ns simulations were performed ͓Figs. 4͑a͒-4͑c͔͒.
The interpolation over large ranges of values is expected to perform well in scenarios where the free energy varies very slowly, possibly monotonically. If, by contrast, it changes rapidly, excessively large intervals for interpolation will not be able to capture such variations, hence leading to a rather poor description of the free-energy behavior. Decaalanine constitutes an intermediate case, in which only the minimum characteristic of the ␣-helical state represents a critical point in the evolution of the free energy. As suggested in Fig. 4 , the interpolation of the average force over± 0.1 or 0.2 Å yields similarly good results. Increasing ⌬ smooth to 0.4 Å constitutes too coarse an interpolation scheme, unable to discriminate the ␣ helix in the relevant range of values.
Effect of Langevin dynamics on the sampling along the ordering parameter
Langevin dynamics is commonly employed to maintain the temperature constant in statistical simulations. Strictly speaking, all the simulations reported herein should be referred to as Langevin dynamics rather than MD simulations. The choice of the damping factor ␥ in Langevin dynamics is of paramount importance, as it will dictate how the system diffuses and how well temperature conservation is enforced. Overdamped systems result in poor sampling of the phase space, whereas underdamped ones correspond to failure to reproduce the canonical distribution. In condensed phases, ␥ may be determined in a straightforward fashion by optimizing the reproduction of self-diffusion properties. For a single molecule in vacuo, such as deca-alanine-a somewhat atypical case from the perspective of thermostatting-a more heuristic approach has to be adopted. Here, three batches of 5 ns MD simulations were carried out using ␥ equal to 0.1, 1, and 10 ps −1 ͓Figs. 5͑a͒-5͑c͔͒. As indicated in Fig. 5 , only with ␥ = 0.1 ps −1 is the folded ␣-helical state encountered in the sampling of the ordering parameter. Appreciably lower values of ␥ do not conserve temperature in a satisfactory manner. Yet, they generate an effective sampling, capable of discriminating the ␣ helix among other partially folded conformations, albeit the temperature dependence of the Jacobian term in Eq. ͑1͒ is likely to affect sampling in a way that is difficult to characterize. Using ␥ = 1 or 10 ps −1 , motion of the peptide chain is sufficiently overdamped to prevent an effective exploration of , in particular in the range where deca-alanine is expected to fold in an ␣ helix.
Extending the range of the ordering parameter
Up to this point, the ordering parameter has been restrained to a region of the conformational space that encompasses the ␣ helix emerging at ca. = 14 Å and an ensemble of extended structures at greater values of . Depending on the choice of the parameters that control how the ABF is applied, folding of the peptide chain into an ␣-helical state, starting from a ␤ turn, is achieved within 5 ns.
An independent 100 ns MD simulation has been carried out, in which sampling was restrained to the same interval, i.e., between 12 and 32 Å, albeit without any ABF applied along the ordering parameter. Using the same ␤ turn as a starting point, formation of the ␣ helix is complete within the first 95 ps of the run. This conformation is robust, as demonstrated by the marginal fluctuations observed throughout the remainder of the trajectory ͑see Fig. 6͒ . In sharp contrast with the free-energy calculations depicted in Figs. 1-5 , which explore the entire interval of values, unbiased MD simulations only offer a glimpse into a fraction of the ordering parameter.
The free-energy landscape examined hitherto is remarkably simple and consists of a reasonably wide minimum that characterizes the ␣-helical state and a steep barrier towards the extended conformations of the peptide chain. Within this range, the number of distinct isomers of deca-alanine for a given value of is rather limited. may, therefore, be considered as a relevant reaction coordinate to investigate folding in the present interval. Extension of the ordering parameter to lower values of allows, however, more compact structures to be accessed, at the expense of the canonical ␣ helix.
Starting from the ␤-turn conformer, a separate 150 ns standard MD simulation has been performed, wherein decaalanine was allowed to explore the entire conformational space without any restriction. Within the initial 10 ps, the peptide chain collapses into a compact, ␤-turn-like structure characterized by approximately equal to 5 Å and featuring two opposite ␤ bridges ͑see Fig. 6͒ . This region of the freeenergy hyperplane is rugged and consists of a conglomerate of local minima separated by sufficiently small barriers to guarantee a rapid transition from the former.
A 200 ns ABF simulation provides a new view of the free-energy landscape between 4 and 32 Å, seemingly at variance with the profiles determined previously. The first striking result lies in the emergence of a rather wide minimum between ca. 4 and 12 Å, below the value of characteristic of the ␣-helical state. A closer examination of the trajectory reveals that the structures formed in this range of values are usually compact and interconvertible over accessible time scales. Such slow fluctuations at constant cannot be fully captured by the ABF method, which is reflected in the inability of the system to escape from compact confor- mations. As a consequence, sampling of extended motifs spanning more than 16 Å is scarcer, hence casting doubt on the reliability of the free-energy profile in this region.
The secondary structure of the peptide chain was analyzed over the complete trajectory 22 and is represented as a function of time in Fig. 6 . Within the interval of the wide free-energy minimum, deca-alanine consists predominantly of random coil and turn fractions. Interestingly enough, up to 15% and 20% of 3 10 -and -helical contents are found in this range of values. Between ca. 13 and 19 Å, the organization of the peptide chain into an ␣ helix is witnessed, coinciding with a decrease of the coil and turn fractions and an abrupt increase of the ␣-helical content. This interval, however, does not correspond to a true minimum of the free energy, in sharp contrast with the profiles obtained from ABF simulations wherein was restrained between 12 and 32 Å. In the latter, the free energy would increase systematically for values of below 14 Å, resulting from a compression or a bending of the ␣ helix. In simulations employing an extended ordering parameter, such conformations are no longer sampled and partially folded structures of limited 3 10 -and -helical contents are favored. It would, therefore, appear that the free-energy curves determined with 12ഛ ഛ 32 Å are not realistic, in the sense that the corresponding simulations tend to increase artificially the weight of the canonical ␣ helix. Enforcing an energy penalty at the lower bound of the ordering parameter results in a quasinonergodic behavior that precludes the correct exploration of the conformations corresponding to the domain of values spanning from 12 to 14 Å, i.e., below the ␣-helical state. When breaking the complete ordering parameter into sequentially nonoverlapping windows for enhancing sampling, the possibility of such undesirable effects should be considered.
CONCLUSION
The application of the average force exerted along a chosen ordering parameter virtually erases the ruggedness of the free-energy landscape, thereby allowing the system to evolve on the sole basis of its self-diffusion properties. 14, 15 How the dynamically adapted biasing force is applied along , yet, is shown to affect the performance of the method. Examining the reversible folding of deca-alanine, starting from a randomized ␤-turn conformation, the choice of appropriate parameters is of paramount importance to ensure, in general, a uniform sampling of the ordering parameter, and, in particular, the recovery of the canonical ␣ helix in the 12ഛ ഛ 32 Å range in a time-bound fashion.
The width ␦ of the bins utilized to discretize the ordering parameter is inherently system dependent and should be chosen as a function of how rapidly the free-energy derivative varies. To enhance sampling along large ranges of , it is recommended to split the ordering parameter into sequentially nonoverlapping windows. The system should be confined in the latter by means of sufficiently strong harmonic restraints to prevent preferential sampling at the boundaries. Unless nonequilibrium effects can be neglected, the application of the ABF along requires reasonably accurate estimates of ͗F ͘ and, consequently, the accumulation of a sufficient number of samples per bin. The interpolation of the average force across neighboring bins has proven to improve the efficiency of the method under the condition that the free energy varies smoothly enough within this range of values. Last, when employing Langevin dynamics to maintain the temperature constant, the choice of the friction term should guarantee conservation of the latter while not hindering sampling on account of overdamping. Appropriate characterization of the underlying freeenergy behavior of a physical process depends intrinsically on the relevance of the chosen ordering parameter. In general, when adopting a simplistic ordering parameter, such as the end-to-end distance utilized in the reversible folding simulations of deca-alanine, a distinction between the different thermodynamic states that correspond to a common value of is not always possible. Whereas the choice of the distance separating the carbon atoms of the first and the last carbonyl moieties appears to be satisfactory for investigating the folding of the peptide chain in a restrained range of the ordering parameter, between 12 and 32 Å, it appears to be too coarse a descriptor when is extended below 12 Å. Within this range, radically different compact conformations of the peptide chain may be described by a common value , thereby emphasizing the limitation of the ordering parameter and the necessity to turn to a more discriminating set of generalized coordinates.
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